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ABSTRACT: Control over the strength of excitonic coupling in molecular dye aggregates is a
substantial factor for the development of technologies such as light harvesting, optoelectronics,
and quantum computing. According to the molecular exciton model, the strength of excitonic
coupling is inversely proportional to the distance between dyes. Covalent DNA templating was
proved to be a versatile tool to control dye spacing on a subnanometer scale. To further expand
our ability to control photophysical properties of excitons, here, we investigated the inﬂuence of
dye hydrophobicity on the strength of excitonic coupling in squaraine aggregates covalently
templated by DNA Holliday Junction (DNA HJ). Indolenine squaraines were chosen for their
excellent spectral properties, stability, and diversity of chemical modiﬁcations. Six squaraines of
varying hydrophobicity from highly hydrophobic to highly hydrophilic were assembled in two
dimer conﬁgurations and a tetramer. In general, the examined squaraines demonstrated a
propensity toward face-to-face aggregation behavior observed via steady-state absorption,
ﬂuorescence, and circular dichroism spectroscopies. Modeling based on the Kühn−Renger−
May approach quantiﬁed the strength of excitonic coupling in the squaraine aggregates. The
strength of excitonic coupling strongly correlated with squaraine hydrophobic region. Dimer aggregates of dichloroindolenine
squaraine were found to exhibit the strongest coupling strength of 132 meV (1065 cm−1). In addition, we identiﬁed the sites for dye
attachment in the DNA HJ that promote the closest spacing between the dyes in their dimers. The extracted aggregate geometries,
and the role of electrostatic and steric eﬀects in squaraine aggregation are also discussed. Taken together, these ﬁndings provide a
deeper insight into how dye structures inﬂuence excitonic coupling in dye aggregates covalently templated via DNA, and guidance in
design rules for exciton-based materials and devices.

■

INTRODUCTION
When neighboring dye molecules (chromophores) are excited,
their local excited states can couple with a molecular exciton
(also known as a Frenkel exciton) with excitation energy
shared between the dyes in a wave-like manner. Observation of
excitonic coupling and delocalization enabling eﬃcient energy
transfer in natural photosynthetic dye aggregates motivated the
development of exciton-based applications and devices that
encompass artiﬁcial photosynthesis,1−3 organic optoelectronics,4,5 and nanoscale computing.6−10 The functionality of
these applications is governed by the ability to control and
enhance the strength of excitonic coupling. According to the
Kasha molecular exciton model,11,12 the excitonic hopping
parameter J m,n 13−15 characterizes the strength of the
Coulombic interaction responsible for the electronic transitions’ interaction and thereof can quantitatively describe the
strength of excitonic coupling. To facilitate the discussion, we
treat the Coulombic interaction approximately as a dipole−
dipole interaction following the approach of McRae and
Kasha.12 In this case, the magnitude of Jm,n is inversely
proportional to the cube of the distance between transition
© 2022 The Authors. Published by
American Chemical Society

dipole moments constituted in the dyes of an aggregate (eq 1).
As such, an organized and dense dye packing is an essential
prerequisite for strong excitonic coupling that enables exciton
delocalization. The magnitude of Jm,n is given by
Jm , n =

(μ ·R m , n)(μn ·R m , n) zyz
1 jijj μm ·μn
zz
− m
jj
3
zz
4πεε0 j |R m , n|
|R m , n|5
k
{

(1)

where μm and μn are the transition dipoles for the dyes at sites
m and n, Rm,n is the vector connecting dyes at sites m and n, ε0
is the permittivity of the vacuum, and ε is the relative dielectric
constant of the medium.
With the dye concentration approaching the solubility limit
in a solvent, dyes can be brought in proximity and form a nonReceived: October 14, 2021
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heterocyclic rings. Like Cy5, squaraines exhibit excellent
spectral characteristics evident in their strong absorption in
the visible region with a molar extinction coeﬃcient in the
range of 200,000−250,000 cm−1 M−1 and strong emission. We
demonstrated that both Cy5 and squaraine dyes are capable of
strong excitonic coupling and delocalization in their dimer and
tetramer aggregates. However, squaraines oﬀer advantages over
Cy5 that include increased rigidity and photostability. In
addition, squaraines can be synthesized with a diverse number
and structure of substituents. While a dye’s photophysical
properties stem mainly from the chromophore core structure,
varying the structure of side substituents can be used to ﬁnetune dye packing and, hence, enhance excitonic coupling.
While aggregation of many dye families was investigated in
aqueous solution,23,55−62 the studies mainly focused on the dye
propensity to aggregate rather than their ability toward strong
excitonic coupling. To our knowledge, only one report by the
group of Armitage attempted to evaluate the inﬂuence of a dye
peripheral structure on the excitonic coupling in cyanine
aggregates templated via non-covalent binding to DNA. This
study demonstrated that, in general, hydrophobic dyes have a
tendency to exhibit strong excitonic coupling. However, a
direct correlation between dye hydrophobicity, intermolecular
distances, and the resulting strength of excitonic coupling in
dye aggregates has not been provided. This study was also
conducted with four cyanine dyes of similar hydrophobicity
constraining the ability to fully reveal the inﬂuence of dye
structures on the photophysical properties of their aggregates.
This limitation presumably originates from the narrow range of
dyes suitable for non-covalent DNA templating (as well as for
spontaneous aggregation) excluding both insoluble and highly
water-soluble dyes. The former tends to form higher-order
aggregates complicating the analysis of precipitates from
solution, while the latter, if they aggregate at all, have a large
monomer population and require high dye concentrations that
impede spectral measurements at high optical density. Also, a
narrow set of explored structural variations for the same set of
dyes is often due to the limitations of synthetic structural
modiﬁcations.
In this paper, taking advantage of covalent DNA templating,
we examine the inﬂuence of dye hydrophobicity on the
aggregation behaviors and excitonic coupling strength within a
wide range of indolenine-based squaraine dyes. Owing to the
diversity of synthetically accessible indolenine squaraine
structures, we chose six squaraines that diﬀer by variations in
the polarity and number of their substituents, including methyl,
chloro, sulfo, and sulfobutyl groups. The squaraines were
further categorized as overall hydrophobic or hydrophilic based
on their relative water solubility. The dyes were covalently
tethered to single-stranded DNA used to form a DNA HJ. The
DNA HJ was used to template the dyes in the form of dimer
(both transverse and adjacent) and tetramer aggregates. Both
strength of excitonic coupling and aggregate geometry were
quantiﬁed via Kühn−Renger−May modeling of the dye
aggregate optical properties. We correlated hydrophobicity in
terms of a partitioning coeﬃcient derived via density functional
theory (DFT) calculations with a center-to-center distance and
strength of excitonic coupling. Structural modiﬁcation of
squaraine side substituents allowed us to vary the center-tocenter distance between the dyes on the Angstrom level. Our
ﬁndings indicate that dye hydrophobicity appears to play a
predominant role in the intermolecular distance and strength
of excitonic interactions in DNA-templated squaraine dye

covalent complex maintained by weak van der Waals forces,
that is, a molecular aggregate. Aggregation of free dyes in
solution occurs spontaneously and can result in dimers, a
mixture of monomers and dimers, and higher-order
aggregates.16,17 To gain more precise control over the number
and position of dyes, various templates have been employed to
assemble dye aggregates. Among diﬀerent types of templates,
DNA has been proven to be a powerful tool in organizing dyes
into aggregates. The versatility of DNA as a template in the
ﬁeld of DNA nanotechnology stems from the relatively
straightforward DNA self-assembly that relies on the
complementary nature of four Watson−Crick base pairs
allowing one to predict the shape of the template and location
of dyes.18−21 DNA can template dyes into dye−dye aggregates
whether they are covalently or non-covalently attached to the
DNA. A non-covalent method when dyes non-covalently bind
to DNA is indeed simpler in implementation. While noncovalent binding to DNA was employed to create extended
arrays of dyes,22−27 the number of dyes in the aggregate and
their exact position remained elusive.
The covalent DNA templating is based on attaching dyes via
linkers to nucleobases or the backbone of single-stranded
DNA, followed by self-assembly of complementary strands into
double-stranded DNA. As a result, the number of dyes per
DNA construct is strictly deﬁned, with the predictable location
of the dyes relative to the DNA backbone.28−47 The advantage
of covalent DNA templating over dye spacing was demonstrated by Nicoli et al. who examined how base pair (bp)
separation corresponding to ∼3.5 Å increments aﬀects
dimerization ability of Cy3 dyes covalently attached to
DNA.28 Furthermore, Cunningham et al. studied excitonic
coupling as a function of bp separation and estimated the
excitonic coupling strength in a Cy3 dimer to be 33.0 meV
(266 cm−1) and 18.6 meV (150 cm−1) for 0 and 1 bp
separation, respectively.32 A diversity of dye aggregates
covalently templated to DNA can be further extended by
utilizing more complex DNA architectures such as a branched
3-way junction, a 4-way junction, DNA nanobreadboards, and
DNA origami.20 The examples of high-order DNA templates
include Probst’s work on the aggregates of alkynylpyrene and
perylenediimide covalently templated to the branch point of a
three-way DNA junction, and Mazuski’s work on Cy5 dimers
attached to a DNA wire of two cross-linked DNA
duplexes.48,49 An additional special feature of DNA covalent
templating that oﬀers distinct advantage over both spontaneous aggregation and aggregation via non-covalent DNA
templating has been recently demonstrated by Barclay et al.
with a dimer aggregate of water-soluble squaraine rotaxane
created via covalent tethering to a DNA Holliday Junction
(DNA HJ).50 This work uncovered the ability of DNA
covalent templating to bring dyes of varying aqueous
solubilities in proximity and promote their aggregation.
Consequently, aggregation of a broader scope of dye chemical
structures can be explored via covalent DNA templating.
In the past few years, our group has created dye aggregates
via covalent templating to linear DNA and 4-arm DNA, that is,
DNA HJ.7,51−53 In the DNA HJ, dyes are covalently attached
to the four strand branch point allowing dye aggregation in a
dimer, trimer, or a tetramer form. Initially starting with the
aggregates of Cy5, we recently extended toward aggregates of
commercial indolenine squaraine dyes.50,54 Squaraines structurally resemble the Cy5 dye, but feature a squarate moiety
incorporated into the center of a pentamethine bridge between
3476
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the absorption and CD spectra for modeling the SQ-Sl5
transverse dimer were recorded at 5 °C in order to complete
aggregation. The minimum allowed distance between transition dipole moments was restricted to 3.4 Å (whose choice
was guided by the van der Waals radius of carbon 1.7 Å
doubled and a distance of the π−π stacking of 3.35 Å). The
extended dipole approximation when two point charges of
opposite sign are separated by a chromophore length was
employed. To account for the potential inﬂuence of the DNA
environment on covalently linked dyes, the transition dipole
moment of the monomer squaraine dye is extracted from
modeling experimental absorption of a single dye attached to
DNA HJ, that is, the monomer. The characteristic excitonic
hopping parameter constant J0 is derived from the monomer
transition dipole moment. The excitonic hopping parameter
Jm,n is equal to J0 times a geometrical factor that depends on the
distance and orientation of dyes m and n, and that has units of
inverse volume. Hence, J0 sets the values of the Jm,n and the
distances Rm,n between dyes when the aggregate geometry is
determined by ﬁtting the Frenkel−Holstein model to the
absorbance and CD spectra. Deriving the value of J0 from the
monomer transition dipole moment enables a more accurate
determination of Jm,n and Rm,n than can be achieved if J0 was
treated as a ﬁtting parameter.
The weight of the absorption and CD spectra was controlled
via ﬁve types of weights. The choice of weighs was guided by
the insights from a combination of experimental data. For the
aggregates with a pronounced CD signal, the weight of the CD
was emphasized, while for the aggregates with either weak or
no CD signal, the weight of absorption and CD was kept equal.
The theoretical spectra were generated for the theoretical dye
conﬁgurations found via stochastic gradient search. The
goodness of ﬁt was accessed by the several goodness ﬁt
parameters (Section S8). The positions of dye transition dipole
moments within an aggregate were extracted from the best ﬁt
in terms of Cartesian coordinates and zenith and azimuthal
angles.
Density Functional Theory Calculations. Solvation
energies were determined via DFT calculations as previously
described.63−65 Chemical structures of squaraine dyes were
created in Avogadro66 software, where dye geometries were
initially approximated using the universal force ﬁeld (UFF).67
Next, the molecular structures in the gas state were optimized
using the M06-2X exchange correlation functional68 and the
6‑31+** basis set in Gaussian 16.69 The implicit continuum
solvent model density (SMD)70 was used for water and
n‑octanol solvents. The solvation energy ΔG was calculated by
taking the diﬀerence in ground-state energies calculated using
SMD water and vacuum given as

aggregates. The aggregates with the strongest excitonic
coupling observed in this work originate from a dichloro
derivative, which is the most hydrophobic and with minimal
dye sterics that would frustrate aggregation. We believe that
our ﬁndings will facilitate a deeper understanding of how dye
structures inﬂuence aggregate optical properties, particularly
covalently templated via DNA, and may serve as a stepping
stone toward design rules for exciton-based materials and
devices.

■

METHODS
Dye Synthesis. Custom indolenine squaraine dyes were
obtained from SETA BioMedicals, (Urbana-Champaign, IL).
The synthesis of indolenine squaraines NHS-esters SQ-Sl3 and
SQ-Sl5 was reported previously.62 The synthetic procedures for
new indolenine squaraines NHS-esters SQ-H2, SQ-Cl2, SQMe2, and SQ-Sl2 are reported in Section S1.
Synthesis of DNA Constructs. DNA oligomers internally
functionalized with a custom squaraine (SETA BioMedicals,
Urbana-Champaign, IL) via a nucleosidic C6 dT sequence
modiﬁer and puriﬁed via dual high-performance liquid
chromatography were purchased from Integrated DNA
Technology, Inc (Coralville, IA). Non-functionalized DNA
oligomers puriﬁed by standard desalting were purchased from
Integrated DNA Technology, Inc. All DNA oligomers were
rehydrated in ultrapure water (Barnstead Nanopure, Thermo
Scientiﬁc) to prepare 100 μM stock solutions. Concentrations
of the DNA samples were determined spectroscopically on a
NanoDrop One Microvolume UV−Vis spectrometer (Thermo
Scientiﬁc) using calculated extinction coeﬃcients. DNA HJs
were prepared by combining equimolar amounts of complimentary oligomers in 1× TBE, 15 mM MgCl2 buﬀer solution
to a ﬁnal DNA concentration 1.5 μM. All DNA samples were
annealed using a Mastercycler Nexus PCR cycler (Eppendorf)
according to the following protocol: 4 min at 95 °C, followed
by cooling ramps: 0.1 °C per 15 s from 94 to 64 °C, and 10 °C
per 1 min from 64 °C to room temperature. For the
ﬂuorescence measurements, the DNA samples were further
diluted to a 0.5 μM DNA concentration.
Optical Characterization. The UV−Vis spectra were
recorded in duplicates at room temperature on a dual-beam
Cary 5000 UV−Vis−NIR spectrophotometer (Agilent Technologies) in a quartz cuvette with a 1 cm path length (Starna).
The absorbtion spectra were monitored over a 230−800 nm
wavelength range. Circular dichroism (CD) measurements
were performed on a JASCO-J810 spectropolarimeter. DNA
samples (120 μL) were transferred into a 1 cm path length
quartz cuvette (Jasco). The spectra were recorded over a 230−
800 nm wavelength range (three scans per sample were
averaged) at a speed of 200 nm min−1. The steady-state
ﬂuorescence spectra were obtained using a Horiba PTI
QuantaMaster 400 spectroﬂuorometer (Horiba Scientiﬁc) in
a 1 cm path length quartz cuvette (Starna) and monitored as a
function of wavelength. The ﬂuorescence spectra were
corrected for the wavelength dependence of the detection
system response using the correction curve provided by the
manufacturer. The ﬂuorescence spectra were scaled by the
absorptance at the excitation wavelength.
KRM Modeling. The experimental absorption and CD
spectra were simultaneously ﬁtted with theoretical spectra via a
Holstein-like Hamiltonian (Section S8). Due to a larger
subpopulation of the optical monomer in the SQ-Sl5 transverse
dimer, which was evident from the ﬂuorescence suppression,

ΔG = Esolv − Ev

where Esolv is the ground-state energy calculated in a solvent
and Ev is the vacuum or gas-phase ground-state energy.

■

RESULTS
Molecular Design. Six indolenine squaraine dyes with
varying numbers and structures of side substituents were
chosen to systematically investigate the inﬂuence of hydrophobicity on the excitonic coupling and delocalization in
squaraine molecular aggregates covalently templated by DNA
HJ. The hydrophobicity of the unsubstituted SQ-H2 was
alternated via disubstitution of the indolenine rings at the 5and 5′-positions with chloro, methyl, and sulfo groups to aﬀord
3477
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Figure 1. (a) Chemical structures of indolenine squaraine (bold) attached to C6 thymine sequence modiﬁer T*(gray). (b) Schematic
representation of immobile four-arm DNA HJs templating squaraine monomer SQ-A, adjacent dimer SQ-BC, transverse dimer SQ-AC, and a
tetramer SQ-ABCD. The strands comprising DNA HJ are labeled A, B, C and D.

SQ-Cl2, SQ-Me2, and SQ-Sl2, respectively (Figure 1a).
Furthermore, the indolenine nitrogen in SQ-Sl 2 was
substituted with a N-sulfobutyl chain to aﬀord SQ-Sl3, which
in turn was equipped with two sulfobutyl chains attached to
the tertiary carbons of indolenine rings to aﬀord SQ-Sl5. All
squaraines were functionalized with the N-pentyl-NHS ester
for attachment to oligonucleotides. The synthesis of the NHSester squaraines is reported in Section S1.
To promote aggregation of squaraines tethered to DNA, we
utilized the same immobile DNA HJ template employed
previously to create aggregates of a commercially available
indolenine squaraine.54 The N-pentyl-NHS ester squaraines
were covalently attached to 26-bp oligonucleotides via
esteriﬁcation reactions with the amino C6 thymine sequence
modiﬁer (T*) placed in the center of oligonucleotides (Section
S1). As a result, the core of a squaraine dye was tethered to the
DNA backbone via a single ﬂexible linker constituting the Npentyl fragment “L” of squaraine and the aliphatic fragment of
T*(Figure 1a), with an overall length, if fully extended, of
about 2.1 nm. Four non-homologous oligonucleotide strands
A, B, C, and D were combined in solution to form an immobile
4-arm HJ (Figure 1b). A reference squaraine monomer SQ-A
was formed by combining squaraine-labeled strand A with
unlabeled strands B, C, and D. In a similar manner, SQ-labeled

partially complementary strands B and C or non-complementary strands A and C were combined with the
corresponding unlabeled strands to create an adjacent SQBC dimer and a transverse SQ-AC dimer, respectively. The
tetramer was formed by combining all four SQ-labeled
oligonucleotides. To ensure DNA HJ self-assembly, oligonucleotide strands were annealed at 95 °C for 4 min, followed by
slow cooling to room temperature. The 1× TBE buﬀer
solution was supplemented with 15 mM MgCl2 to promote a
stacked conformation of the DNA HJ. The stacked
conformation of DNA HJ in the presence of MgCl2 was
observed previously for the analogous DNA HJ templating of
commercially available indolenine-based squaraine aggregates.54 The formation of squaraine aggregates was assessed
by analytical non-denaturing polyacrylamide gel electrophoresis. The gel imaging indicated well-formed squarainelabeled DNA HJs (Section S2, Figure S1).
Relative hydrophobicity of custom squaraines was evaluated
via their partitioning between n-octanol and water in terms of
log Po/w. The log Po/w was calculated following eq 2
log Po/w = −
3478
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where ΔGo is the solvation energy in n-octanol and ΔGw is the
solvation energy in water, R = 8.31 J*mol−1 K−1, and T =
273.15 K. The values of ΔGo and ΔGw were obtained via DFT
calculations as previously described.63,64 The more positive log
Po/w (ΔGo < ΔGw) is, the more hydrophobic the dye is.
Conversely, the more negative log Po/w (ΔGo > ΔGw) is, the
greater the propensity of the dyes to be soluble in water, and
the more hydrophilic the dye is.
The values of log Po/w were determined for dye structures
without a linker and for the dye structures containing a pentyl
fragment of the linker denoted as “L” in Figure 1a and Table 1.

Steady-State Optical Characterization. First, the
squaraine monomers, as reference samples, were examined
via steady-state absorption, emission, and circular dichroism
(CD) spectroscopies (Figure 2 and 3, Sections S4−S7). All
squaraine monomers covalently attached to DNA HJ exhibited
electronic absorption spectra characteristic of the squaraine
dye family. Both hydrophilic and hydrophobic squaraines
templated via DNA HJs exhibited extinction coeﬃcient values
similar to those of the corresponding free dyes. However,
hydrophobic squaraines were characterized with slightly lower
extinction coeﬃcient values (257,000−264,000 M−1 cm−1)
compared to those of hydrophilic squaraines containing sulfo
groups (282,000−304,000 M−1 cm−1). The attachment of
hydrophobic SQ-Cl2, SQ-Me2, and SQ-H2 to DNA HJ
resulted in a 10−13 nm red shift of their absorption maxima
compared with those of free dyes (Table 2). A similar spectral
shift of 9 nm observed previously for free dyes SQ-H2 and SQCl2 upon transitioning from polar methanol to nonpolar
dichloromethane was attributed to the solvatochromic eﬀect.62
In our case, the red shift is likely to be caused by the squaraine
being located around hydrophobic DNA. Squaraines containing sulfo groups also showed a red shift of absorption maxima
upon attachment to DNA. While for SQ-Sl2, the red shift was
12 nm and comparable with the red shift of hydrophobic
squaraines, SQ-Sl3 and SQ-Sl5 were only red-shifted 5 and 3
nm, respectively. Squaraines SQ-Sl2, SQ-Sl3, and SQ-Sl5 have
been previously covalently attached to the IgG antibody,62 and
exhibited small red shifts of 6, 5, and 4 nm, respectively,
observed upon transitioning from an aqueous environment to a
less-polar protein environment. Based on this comparison and
chemical structures, non-covalent binding with DNA is less
likely for hydrophilic and bulkier dyes SQ-Sl3 and SQ-Sl5.
The squaraine monomers exhibited strong ﬂuorescence
emission as a near mirror image of absorption with clear (0−0)
and (0−1) emission transitions, and small Stokes shifts in the
range of 24−39 meV or 194−315 cm−1 (Figure S5 and Table
S2). No speciﬁc correlation between substituents and Stokes
shifts was observed indicating that the introduction of the side
substituents does not noticeably aﬀect the rigidity of the
indolenine squaraine core.
In the CD spectra, all constructs exhibited a well-deﬁned
couplet in the 260−280 nm region indicative of a well-formed
duplex DNA (Section S7). Because squaraine dyes are achiral,
they are not expected to produce a CD signal in the visible
region. Each monomer of SQ-H2, SQ-Me2, SQ-Sl2, SQ-Sl3,
and SQ-Sl5 did not induce a signal in the visible region of the
CD spectra. However, the monomers of SQ-H2 and SQ-Cl2
exhibited a very weak induced CD signal, which indicates that
these dyes may interact with DNA by intercalating between
base pairs or binding to the minor or major groove resulting in
restriction of their conformational freedom and induced
chirality.
The aggregation ability of hydrophilic and hydrophobic
squaraine aggregates covalently attached to the DNA HJ was
evaluated by steady-state absorption, emission, and CD
spectroscopies, and compared within the adjacent dimer,
transverse dimer, and tetramer series.
Hydrophilic squaraines exhibited noticeable spectral changes
in dimer conﬁgurations with respect to their monomers
(Figure 2 and Table 2). The spectral changes included (1) a
blue shift of both low- and high-energy absorption bands that
we, respectively, assign as A1 and A2; and (2) intensiﬁcation of
the A2 band with the suppression of the A1 band, that is, an

Table 1. Squaraine Solvation Energy in Water and nOctanol and log Po/w
free dye
SQ-Cl2
SQ-H2
SQ-Me2
SQ-Sl2
SQ-Sl3
SQ-Sl5
SQ-Me2-L
SQ-Cl2-L
SQ-H2-L
SQ-Sl2-L
SQ-Sl3-L
SQ-Sl5-L

ΔGw, kJ/mol
−82.2
−79.3
−76.5
−181
−244
−320
−73.4
−77.8
−75.5
−176
−236
−304

ΔGo, kJ/mol

log Po/w

−110
−102
−104
−161
−211
−258
−136
−116
−108
−170
−215
−290

5.31
4.30
5.24
−3.66
−6.26
−11.82
11.94
7.33
6.26
−1.07
−3.97
−2.75

Article

Based on the obtained values of log Po/w (Table 1), custom
squaraines were divided into two groups: overall hydrophobic
squaraines SQ-H2, SQ-Cl2, and SQ-Me2 (log Po/w > 0) and
overall hydrophilic squaraines SQ-Sl2, SQ-Sl3, and SQ-Sl5 (log
Po/w < 0). When not accounting for the contribution of the
linker, the hydrophobic dyes SQ-H2, SQ-Cl2, and SQ-Me2
exhibited comparable hydrophobicity in terms of log Po/w
being in the range 4.30−5.31. With the linker, the diﬀerence
in hydrophobicity of SQ-H2, SQ-Cl2, and SQ-Me2 became
more apparent increasing in the order of SQ-H2-L < SQ-Cl2-L
< SQ-Me2-L. The hydrophobicity of hydrophilic squaraines
without contribution of the linker increased in order SQ-Sl5 <
SQ-Sl3 < SQ-Sl2, which is in accordance with the experimental
aqueous solubilities previously observed for the N-pentylcarboxy derivatives of SQ-Sl5 and SQ-Sl2 dyes in phosphate
buﬀer.62 Inclusion of the linker strongly increased hydrophobicity of SQ-Sl3-L and SQ-Sl5-L and resulted in the
hydrophobicity order SQ-Sl3-L < SQ-Sl5-L < SQ-Sl2-L.
Thermal Denaturation. To characterize overall stabilities
of DNA HJs templating transverse and adjacent squaraine
dimers, we performed thermal denaturation experiments. The
melting temperature of the unlabeled DNA HJ was used as a
reference control (Tm = 60.0 °C).54 With the exception of the
SQ-H2 transverse dimer, both adjacent and transverse dimers
of hydrophobic dyes melted at a higher temperature than
unlabeled HJ, indicative of dye−dye interactions having an
overall stabilizing eﬀect on the DNA−dye construct. In
contrast, dimers of hydrophilic dyes melted at a lower
temperature than unlabeled HJ. The HJs templating SQ-Cl2
dimers were characterized by the highest melting points.
Notably, the melting temperatures of HJs increased as dye
hydrophobicity increased (Section S3). As such, a hydrophobic
eﬀect can be considered as a major contributor of aggregation
of dyes covalently templated by DNA.
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Figure 2. (Left column) Acquired steady-state absorption spectra normalized at the dye peak maximum of the hydrophilic squaraine-DNA
constructs in 1× TBE, 15 mM MgCl2 at room temperature. (right column) Acquired CD of the hydrophilic squaraine-DNA constructs in 1× TBE,
15 mM MgCl2 at room temperature. The squaraine-DNA construct concentration was 1.5 μM.

indicate the involvement of vibronic coupling11,71 and the
overall intermediate coupling regime.11 The adjacent and
transverse dimers of hydrophilic squaraines were also
characterized by CD spectroscopy (Figure 2 (right column)).
Achiral SQ-Sl2 and SQ-Sl3 dyes exhibited an exciton-induced
bisignate CD signal in their transverse and adjacent dimers
indicating on a chiral orientation of transition dipole moments
in the aggregates. Though the CD signal originates from
chirality of optical system, the absence of chirality does not
necessarily mean a lack of excitonically coupled transition
dipole moments (TDM), but might be attributed to an
aggregate having a mirror plane in the orientation of transition
dipole moments. This situation takes place when transition
dipole moments are coplanar, which might be the case for the
SQ-Sl3 transverse dimer and SQ-Sl5 dimers.

increase of the A2/A1 ratio. The blue shift for adjacent and
transverse dimers increased in the order of SQ-Sl5 < SQ-Sl2 <
SQ-Sl3. Both dimers of SQ-Sl2 and adjacent dimers of SQ-Sl3
and SQ-Sl5 exhibited a more intense high-energy band (A2 >
A1), while transverse dimers SQ-Sl5 and SQ-Sl3 had more
intense low-energy band (A2 < A1). In accordance with the
Kasha’s exciton theory,11,71 these spectral changes indicate that
hydrophilic squaraines covalently attached to DNA HJ formed
dimer aggregates with the spectral signatures of excitonic
coupling and delocalization. This observation was not
anticipated especially for SQ-Sl3 and SQ-Sl5 as these dyes in
free form were shown not to aggregate at concentrations of 0.2
and 6 mM, respectively, in aqueous solution.62 The blue shift
in the dimers of hydrophilic squaraines is consistent with a
face-to-face orientation of transition dipole moments, that is, a
H-aggregate, while similar intensities of A1 and A2 bands
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Figure 3. (Left column) Acquired steady-state absorption spectra normalized at the dye peak maximum of the hydrophobic squaraine-DNA
constructs in 1× TBE, 15 mM MgCl2 at room temperature. (right column) Acquired CD of the hydrophobic squaraine-DNA constructs in 1×
TBE, 15 mM MgCl2 at room temperature. The squaraine-DNA construct concentration was 1.5 μM.

coupling strengths as the hydrophobicity increases. Thus, the
two most hydrophobic squarainesSQ-Cl2 and SQ-Me2
appeared to exhibit the strongest excitonic coupling based on
the blue shift, as well as nearly complete suppression of the
low-energy band A1 (Tables 2 and 3). While adjacent dimers of
SQ‑Cl2 and SQ-Me2 showed nearly identical spectral shapes,
the peak extinction coeﬃcient of the high-energy absorption
band A2 of SQ-Cl2 was considerably larger than that of SQMe2 (Figure S4). Overall, the magnitude of excitonic coupling
estimated from spectral proﬁles closely follows the order of
relative hydrophobicity of hydrophobic squaraines. Although
both adjacent and transverse dimers show signatures of
excitonic coupling and delocalization, such signatures are

Upon dimer assembly via DNA HJ, hydrophobic squaraines
demonstrated profound spectral changes evident in a blue shift
and in an increase of the A2/A1 absorption band ratio with
respect to the monomers (Figure 3, Table 2). The blue shift of
the high A2 and low A1 energy bands increased in the order of
SQ-H2 < SQ-Me2 < SQ-Cl2, and for each dye the shift was
larger in the adjacent dimer than in the transverse dimer. The
A2/A1 ratio increased in the order of SQ-H2 < SQ-Me2 ≤
SQ‑Cl2, where A2 was greater than A1 for all hydrophobic
squaraine adjacent dimers and for the SQ-Cl2 transverse dimer.
For the transverse dimers of SQ-H2 and SQ-Me2, A2 was
smaller than A1. Evident from these changes, all hydrophobic
squaraines formed H-type dimers with increasing excitonic
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ﬂuorescence suppression (FS), calculated in Table 3, can
provide insights, at least qualitatively, into the strength of
excitonic coupling (i.e., “weak” or “strong”) between dyes in
squaraine dimers and the presence of subpopulation of optical
isomers. The strongest FS of >90% was observed for the
dimers of SQ-Cl2 suggesting a strong excitonic coupling. Other
dimers (with the exception of transverse dimer SQ-Sl5)
exhibited smaller FS in the range of 70−87%. The dimers of
hydrophobic dyes SQ-H2, SQ-Cl2, and SQ-Me2 exhibited
stronger FS in the adjacent conﬁguration than in the transverse
conﬁguration. In contrast, the hydrophilic dyes SQ-Sl2 and
SQ-Sl3 showed stronger FS in the transverse conﬁguration.
While the ﬂuorescence in the SQ-Sl5 adjacent dimer was
suppressed by 79% and similarly to other adjacent dimers, the
SQ-Sl5 transverse dimer exhibited signiﬁcantly smaller FS of
48% indicative of a larger subpopulation of SQ-Sl5 optical
monomers. Note that electrophoretic analysis (Figure S1)
showed a minor amount (and comparable to other squaraine
dimers) of unhybridized single strand labeled with SQ-Sl5,
suggesting that the observed ﬂuorescence emission of the
SQ‑Sl5 transverse dimer sample should not be attributed to the
SQ-Sl5 monomer attached to a single strand in solution.
One of the special features of the DNA HJ as a template is
that it allows one to create dye tetramers. Upon tetramer
formation, pronounced spectral changes were observed for all
hydrophobic dyes SQ-Cl2, SQ-Me2, and SQ-H2 and a
hydrophilic SQ-Sl2 indicative of the strong excitonic coupling
and delocalization among the four dyes (Figures 2 and 3, Table
2 and 3). In particular, the high-energy band carrying the most
oscillator strength was further blue-shifted by 613 cm−1 for
SQ-Cl2, 374 cm−1 for SQ-Me2, 313 cm−1 for SQ-Sl2, and 261
cm−1 for SQ-H2 with respect to the corresponding high-energy
band A2 in adjacent dimers. These changes in absorption, as
compared to the monomer absorption, indicated the H-type
packing of these dyes in the tetramer conﬁguration. The CD
spectra of tetramers were characterized by intense excitoninduced couplets (Figures 2 and 3). Moreover, the
ﬂuorescence was nearly quantitatively suppressed (96% on
average) in the tetramers of SQ-H2, SQ-Cl2, SQ-Me2, and
SQ‑Sl2. In contrast, hydrophilic SQ-Sl3 and SQ-Sl5 squaraines
did not demonstrate strong evidence of tetramer formation.
The absorption peak maximum of SQ-Sl3 and SQ-Sl5 did not
shift, while the absorbance extinction was almost doubled
compared to their adjacent dimers (Figure S4). The FS in SQSl3 and SQ-Sl5 tetramers appeared to be comparable with one
observed in their adjacent dimers. Collectively, these
observations indicate that SQ-Sl3 and SQ-Sl5 might mostly
remain in their dimer form. The steric bulkiness of SQ-Sl3 and
SQ-Sl5 may interfere with dye aggregation and/or the DNA HJ
template, thus inhibiting the formation of SQ-Sl3 and SQ-Sl5
tetramers.
Theoretical Spectral Modeling. The modeling approach
developed in our group, based on the theoretical approach of
Kühn−Renger−May (KRM),73 has been demonstrated to be a
powerful tool in extracting excitonic hopping parameter Jm,n as
a quantitative metric of excitonic coupling strength, as well as
the geometric parameters of the dye aggregates.51,52,54 The
advantage of KRM modeling of dye aggregates stems from
considering not only electronic contribution of dyes to the
excitonic coupling but also their vibronic contribution. The
vibronic contribution is considered via the dominant vibrational mode of each dye, which for squaraines has an energy of
ca. 0.12−0.17 meV (970−1400 cm−1). To model Coulomb

Table 2. Experimental Absorption Properties of Squaraines
and Squaraine Aggregate Template via DNA HJ
absorption peak maximum, nm
a

dye
SQ-H2
SQ-Cl2
SQ-Me2
SQ-Sl2
SQ-Sl3
SQ-Sl5

d

free
dye

HJ
monomer

d

638
645
648
640
636
638

606;
600;
602;
607;
596;
602;

b

628
b
633
b
635
628
c
631
c
636

d
adj
dimer

trans
dimer
632
633
647
630
632
637

592;
596;
596;
598;
594;
600;

d

629
633
637
630
631
636

tetramer

583;
575;
583;
587;
594;
600;

631
633
640
635
633
634

a

As carboxylic acid in phosphate buﬀer, pH = 7.4. bIn methanol.
From [ref. 29]. dMeasurements were carried out in 1× TBE, 15 mM
MgCl2 containing 1.5 μM DNA construct at room temperature.

c

Table 3. Spectral Characteristics of Squaraine Aggregates
adj dimer
dye
SQ-H2
SQ-Cl2
SQ-Me2
SQ-Sl2
SQ-Sl3
SQ-Sl5

a

A2/A1
1.26
3.72
3.70
1.24
1.27
1.04

b

trans dimer

tetramer

FS, %

A2/A1

FS, %

A2/A1

FS, %

90.5
92.6
84.8
87.3
69.5
78.7

0.82
1.99
0.78
1.17
0.81
0.72

83.8
90.4
75.1
87.3
74.7
48.4

1.48
4.06
2.33
1.41
1.22
1.17

95.8
96.9
95.5
95.4
88.1
87.1

Article

a

A1 and A2 are relative intensities of low-energy and high-energy
absorption bands in the absorption spectra of squaraine dimers
recorded at a 1.5 μM dye-DNA concentration in 1× TBE, 15 mM
MgCl2. bFS is ﬂuorescence suppression.

apparently diminished for the hydrophobic dyes in the
transverse dimer conﬁguration suggesting weaker excitonic
coupling and more oblique aggregates. The diﬀerence in the
absorption properties between transverse and adjacent dimers
suggests that the adjacent conﬁguration of dye attachment is
more favorable for promoting strong excitonic coupling in
indolenine squaraine-based dimer aggregates. The excitoninduced CD spectra of hydrophobic squaraines (Figure 3,
right) further supported the formation of dimer aggregates.
Fluorescence emission measurements were performed to
gain insights on the structure and dynamics of the squaraine
dimer excited states (Tables 3 and S2). The ﬂuorescence from
the squaraine dimer solutions occurred approximately at the
same wavelength as the ﬂuorescence of the corresponding
monomer solutions; however, the intensity of aggregate
ﬂuorescence was strongly suppressed (Table 3). A similar
ﬂuorescence behavior between monomer and dimer emission
was previously observed for the dimers of commercial
indolenine squaraines, and was assigned to the presence of
optical monomers, that is, a subpopulation of dyes attached to
DNA in pairs, but not forming an aggregate.50 Based on our
experimental observations and the preceding study, we assign
the observed emission in dimer samples to the strongly
emissive optical monomers. The emission from the dimers may
still occur, but it would be very weak and not measurable for
the following reasons. According to the selection rules in the
Kasha’s theory on the molecular aggregates,11 the radiative
decay, that is, ﬂuorescence, is prohibited from the high excited
state in the H-aggregates. Moreover, strong ﬂuorescence
quenching in dye aggregates has been recently associated
with the new non-radiative decay pathways available in
strongly coupled aggregates.32,50,53,72 Thus, the extent of
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Figure 4. (a,b) KRM values of J1,2 in adjacent and transverse squaraine dimers plotted against squaraine partitioning between n-octanol and water
(no linker included). (c,d) KRM values of center-to-center distance R in Å in adjacent and transverse squaraine dimers plotted against squaraine
partitioning between n-octanol and water (no linker included).

hydrophilic dye, exhibited the excitonic coupling comparable
to and exceeding the coupling of more hydrophobic dyes
especially in the adjacent dimer conﬁguration. Plotting
partitioning accounting for the linker fragment versus J1,2
(Figure S13) resulted in the same general trends as those
without linker contribution (Figure 4), with the exception of
SQ-Sl5 and SQ-Cl2. To evaluate the role of hydrophobicity in
the strength of excitonic coupling in squaraine tetramers, the
highest value of Jm,n and the arithmetic mean Jm,nave for each
squaraine tetramer was plotted against the partitioning
between n-octanol and water with (Figure S13c) and without
the linker fragment of that squaraine (Figure 5). With the
linker contribution, an apparent trend was observed between
excitonic coupling in the tetramer and dye hydrophobicity
(Figures 5 and S13c). SQ-Sl3 and SQ-Sl5 were excluded from
the KRM modeling as tetramers because steady-state spectroscopy did not indicate the formation of tetramers with these
dyes. The absence of a reliable trend between partitioning and
Jm,n indicates that eﬀects other than hydrophobic eﬀect
inﬂuence the strength of excitonic coupling in squaraine
aggregates. Among those eﬀects are steric hindrance and
electrostatic forces of various origin that we evaluated in
Section S9.
The geometry of squaraine dimers (Table 4) and tetramers
(Tables S10−S13) was characterized by several geometric
parameters derived from KRM modeling: (1) a center-tocenter distance R between two TDMs, (2) the shortest
distance d between TDMs, (3) oblique angle α as a
quantitative measure of deviation from the parallel stacking

interaction between squaraines, we employed an extended
dipole approximation,74 where the dipoles were modeled as
two point charges of opposite sign and equal magnitude
separated by nearly the dye length. This extended dipole
approximation is particularly beneﬁcial when dye intermolecular distances are much shorter than the dye length as this
approach better accounts for the charge distribution over a
large molecule.
From the KRM modeling results, we extracted excitonic
hopping parameter J1,2 for each dimer and for each dye pair in
a tetramer. Squaraine dimers exhibited medium to strong
excitonic hopping parameter J1,2 ranging from 50.3 meV
(406 cm−1) to 132.2 meV (1065 cm−1) with the strongest J1,2
observed in the SQ-Cl2 adjacent dimer. For comparison, the
excitonic coupling in analogous dimers of the commercial
squaraine and cyanine dyes Square 660 and Cy5 were
estimated to be 65−68 and 70 meV, respectively. Michail et
al. reported very similar coupling strengths (from 930 cm−1 or
118 meV to 390 cm−1 or 48 meV) in the J-aggregates of
indolenine squaraine dimers, where squaraine molecules were
linked via a covalent bridge of varying lengths.75 The extracted
J1,2 values were plotted against dye partitioning between water
and n-octanol as a measure of dye hydrophobicity (Figure
4a,b). A general trend was evident for the hydrophobic
squaraines SQ-H2, SQ-Cl2, and SQ-Me2 in both adjacent and
transverse dimer series, where J1,2 generally increased as
hydrophobicity increased. Hydrophilic squaraines containing
sulfo groups showed an opposite trend: a decrease in J1,2 upon
an increase in partitioning. Squaraine SQ-Sl5, being the most
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rings were characterized by α in the range 1.35−2.4°, but
diﬀered in the slip angle or displacement. In particular, dyes in
the SQ-Cl2 adjacent dimer were barely displaced (θs = 86.8°),
while dyes in the SQ-Me2 dimer were noticeably displaced
relative to each other (θs = 59.0°). The KRM modeling
predicts the shortest distance d for the most dimers to be 3.4−
3.8 Å. At this distance, molecules containing π-bond networks
are known to undergo strong π−π interactions.76 The adjacent
dimer of SQ-Cl2 is the only dimer, where the π−π interactions
between indolenine rings can take place on both ends of the
dimer based on a center-to-center distance of 3.4 Å and parallel
orientation of TDMs.

■

DISCUSSION
Three overall hydrophobic squaraine dyes with varying
hydrophobicity, covalently tethered to and templated via
DNA HJ, formed dimer and tetramer aggregates as was evident
via drastic changes in their optical properties compared to their
respective monomers. These results are in accordance with
prior reports on aggregation of various dye families including
cyanine dyes, where the hydrophobic eﬀect was identiﬁed as a
major driving force in both spontaneous aggregation,55−61 and
aggregation via non-covalent DNA-templating in aqueous
solution.23 The focus of those studies, however, was a general
dye propensity toward aggregation, that is, the ability to form
dimers and multimers and the associated equilibrium
constants. In the work most relevant to the present study,
Armitage and co-workers templated aggregates of a series four
hydrophobic cyanine dyes23 via non-covalent binding to DNA.
In that work, the excitonic coupling strength was estimated as
twice the diﬀerence in energy between the monomer and
dimer UV−Vis absorbance bands. While the study demonstrated that hydrophobic dyes tend to form aggregates with
strong excitonic coupling, it was unable to provide any further
insight into how a chemical structure impacts hydrophobicity,
strength of excitonic coupling, and aggregate geometry
parameters such as the intermolecular distance and relative
orientation of dyes. In the present work, we used a
combination of DFT, KRM modeling, and melting experiments to gain additional insights into correlations between the
chemical structure, extent of hydrophobicity, strength of

Figure 5. KRM values of the highest Jm,n value (solid circles) and
Jm,nave (half solid circles) in squaraine tetramers plotted against
partitioning between n-octanol and water as a measure of hydrophobicity (no linker included).

of TDMs (α = 0°), and (4) a slip angle θs as a measure of
sliding or displacement of one dye relative to another along
dye’s TMD (when θs = 90°, the dyes are not displaced) (Table
4 inset). The value of R is useful, as we expect smaller R to
result in an increased excitonic coupling strength (and which
we expect to decrease for increasingly hydrophobic dyes).11
Among hydrophobic squaraines, R values decreased as the dye
hydrophobicity increased (Figure 4c,d). Among the six
squaraines, the values of R varied on the Angstrom level in
the range from 3.4 to 9.5 Å. The hydrophobic squaraines
generally exhibited smaller R in the adjacent dimer
conﬁguration, which is more favorable for the excitonic
coupling in aggregates of these dyes. As expected, the most
hydrophobic SQ-Cl2 has the smallest R in both adjacent and
transverse dimers. Counterintuitively, the most hydrophilic
SQ-Sl5 exhibited the smallest R among the hydrophilic
squaraines. The value of α was used to characterize the
amount of obliqueness with two extreme cases being α = 0°,
that is, parallel TDMs and α = 90°, that is, a purely oblique
dimer. In general, transverse dimers of squaraines were more
oblique than adjacent dimers of analogous dyes. Adjacent
dimers of SQ-Cl2 and SQ-Me2 showed nearly parallel
alignment of their TDMs (Figure S10) and thereof indolenine

Table 4. Geometric Parameters Derived by KRM Modeling of the Optical Properties of Adjacent and Transverse Dimer
Aggregatesa

adjacent dimer

transverse dimer

dye

J1,2, meV

R, Å

θs, deg

α, deg

d, Å

J1,2, meV

R, Å

θs, deg

α, deg

d, Å

SQ-Cl2
SQ-Me2
SQ-H2
SQ-Sl2
SQ-Sl3
SQ-Sl5

132.2
96.5
59.8
64.3
80.4
97.9

3.40
4.47
7.52
8.9
6.71
4.76

86.8
59.0
64.8
75.0
71.0
89.2

1.35
2.4
32.7
48.3
25.8
9.0

3.4
3.6
3.4
3.6
3.4
3.6

79.6
55.9
50.3
71.3
63.2
77.5a

5.45
9.5
9.33
5.4
6.62
7.85

81.8
74.9
74.8
60.0
71.3
69.3

15.7
55.5
47.5
8.8
19.8
34.6

3.5
3.4
3.5
4.0
3.8
3.4

Modeling of experimental absorption and CD recorded at 5 °C.

a
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hydrophobic interactions between their non-polar alkyl
chains.78
Factors beyond hydrophobicity, such as dye sterics and
electrostatic interactions, may additionally inﬂuence dye
aggregation. The steric inﬂuence becomes apparent in the
attempt to aggregate SQ-Sl3 and SQ-Sl5 into tetramers.
Though sulfobutyl chains appear to be accommodated in the
dimers of SQ-Sl3 and SQ-Sl5, their bulkiness strongly hinders
the formation of SQ-Sl3 and SQ-Sl5 tetramers attached to
DNA HJ. We evaluated inﬂuence of electrostatic interactions
such as dipole−dipole interactions and induced-dipole
interactions including dispersion via a static dipole moment
and polarizability (Section S9). The results showed that while
electrostatic forces do not appear to be major contributors in
excitonic coupling, forces involving induced dipoles still play a
more apparent role for hydrophobic squaraines. Hydrophobic
squaraines SQ-H2, SQ-Me2, and SQ-Cl2 have comparable
hydrophobicity and surface area, though diﬀer in polarizability.
Higher polarizability of SQ-Cl2 and SQ-Me2 than that of
SQ‑H2 suggests stronger induced-dipole electrostatic forces in
the dimers of the former dyes, and may explain the increase in
J1,2 in adjacent dimers of SQ-Me2 and SQ-Cl2 compared to
those of SQ-H2. Furthermore, having comparable polarizabilities, SQ-Cl2 dimers exhibit signiﬁcantly stronger
excitonic coupling than dimers of SQ-Me2. From the KRM
modeling, we found that in the adjacent dimer SQ-Cl2, TDMs,
and hence the indolenine rings, are parallel and lack the
displacement. According to the pioneering model of Hunter
and Sanders,79 the lack of displacement suggests less
electrostatic repulsion between the static charge distributions
in π-systems and, hence, stronger π−π interactions stabilizing a
dimer. Examination of the electrostatic potential surfaces
revealed slightly decreased electron density in the electron-rich
indolenine rings of SQ-Cl2 due to the electron-withdrawing
eﬀect of chlorine atoms presumably allowing SQ-Cl2 to align
without displacement (Section S9). In contrast, electrondonating methyl groups slightly increase the electron density of
indolenines in SQ-Me2 leading to the displacement in its
dimer. Further insights into how these parameters inﬂuence
aggregate geometry and excitonic coupling strength may
require a similar study speciﬁcally targeting a set of dyes
tailored to vary steric or electrostatic interactions.

excitonic coupling, and intermolecular distance in squaraine
aggregates templated by DNA. In line with our expectations,
the melting experiments demonstrated that the more hydrophobic squaraines aﬀord more stable HJs templating the
squaraine aggregates suggesting a driving eﬀect of hydrophobic
forces on the aggregation of squaraines covalently templated by
DNA. Moreover, our results revealed that squaraines with a
more hydrophobic structure aﬀord a denser packing, or closer
intermolecular distances (Rm,n), in their dimer and tetramer
aggregates. A denser packing in aggregates of more hydrophobic squaraines further manifests in larger values of excitonic
hopping parameter Jm,n in accordance with the Kasha’s exciton
model (eq 1), where smaller Rm,n corresponds to larger Jm,n. In
the present study, the largest value of Jm,n was observed for the
most hydrophobic squaraine SQ-Cl2. In addition, the
correlation between hydrophobicity and packing was the
most apparent when dyes were attached to partially
complementary strands of DNA HJ (adjacent dimer
conﬁguration) perhaps because the sites of dye’s linker
attachment to DNA are closer in space in this conﬁguration
than when dyes are attached to non-complementary strands of
DNA HJ (the transverse dimer conﬁguration).
Taking advantage of covalent DNA-templating, we were able
to evaluate aggregation ability of hydrophilic dyes commonly
excluded from the studies on spontaneous dye aggregation and
aggregation via non-covalent DNA templating. We found that
when covalently templated to DNA, “hydrophilic” dyes can
form aggregates, and the excitonic coupling in aggregates of
these hydrophilic dyes is comparable with that of hydrophobic
dyes. These results appear counterintuitive with regard to
Markova’s study, where free dyes SQ-Sl2 and SQ-Sl5 did not
show signs of aggregation at the concentrations of 0.2 and 6
mM, respectively, in aqueous phosphate buﬀer.62 We explain
this discrepancy with the ability of the DNA template to bring
dyes in proximity including water-soluble dyes that otherwise
stay in the free form in aqueous solution. We attempt to
interpret these results in the context of a conventional
understanding of a physical origin of the hydrophobic eﬀect
that is thought to be entropy-driven at room temperature.57,77
In particular, when a hydrophobic surface area is minimized
upon aggregation of hydrophobic molecules that are not able
to interact with water, the network of water hydrogen bonding
with higher entropy is restored. The high entropy of the water
structure upon aggregation of hydrophobic molecules
compensates the entropy decrease of the aggregated molecules
as well as the enthalpic cost of reorganization into an aggregate
making the aggregation overall favorable. Conversely, hydrophilic molecules are able to form hydrogen bonds with water,
so their aggregation does not aﬀord an increase in water
entropy large enough to make the aggregation favorable.
However, when hydrophilic dyes are brought in proximity via
covalent attachment to DNA, their reorganization into an
aggregate occurs readily at a very small energetic cost. When
SQ-Sl3 and SQ-Sl5 aggregate, the hydrophobic butyl chains of
SQ-Sl 3 and SQ-Sl 5 can be involved in hydrophobic
interactions in the presence of polar sulfo groups. Squaraines
SQ-Sl3 and SQ-Sl5 possess the largest surface area among the
squaraines in this study (Section S9), which might explain
stronger coupling in their aggregates than expected from their
overall hydrophilic nature. In this regard, aggregation of DNAtemplated hydrophilic dyes can be compared to protein
folding, where overall hydrophilic amino acids such as lysine
were shown to participate in initial protein folding via

■

CONCLUSIONS
Six examined indolenine squaraines with varying degrees of
hydrophobicity demonstrated aggregate behavior, excitonic
coupling, and exciton delocalization when covalently templated
as adjacent and transverse dimers by DNA HJ in aqueous
buﬀer. While aggregation of hydrophobic dyes was anticipated,
the observed aggregation of hydrophilic dyes was not
necessarily expected. The excitonic coupling was evident via
spectral changes that indicated the excitonic coupling increased
as the dye hydrophobicity increased. The KRM modeling
supported the same trend for the hydrophobic dyes with
higher values of the extracted hopping parameter J1,2 for dyes
with increased hydrophobicity. For hydrophilic dyes, the
surface area served as a better predictor of aggregation and
excitonic coupling strength for aggregates created by proximate
covalent attachment to a template. Collectively, our results
demonstrate that alternating hydrophobic structure of dyes
covalently attached to DNA aﬀords control of intermolecular
distances and hence excitonic coupling strength in dye
aggregates on a ﬁner level than base pair separation. We
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identiﬁed adjacent dimers of the strongly hydrophobic SQ-Cl2
dye that we ranked to be the best performing based on its
extracted hopping parameter J 1,2 up to 132.2 meV
(1065 cm−1). Additional factors such as dye sterics and
electrostatic factors play a role in tuning the dye alignment
once dyes are brought together by the hydrophobic eﬀect.
Overall, we believe our ﬁndings will provide foundational
guidance in rational design of dye aggregates that exhibit
strong excitonic interactions and that are templated by DNA,
including in larger aggregate networks assembled via more
complex DNA scaﬀolds such as bricks and tiles.
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